Models for the specificity of DNA-binding transcription factors are often based on small amounts of qualitative data and therefore have limited accuracy. In this study we demonstrate a simple and efficient method of affinity chromatography-SELEX followed by a quantitative binding (QuMFRA) assay to rapidly collect the data necessary for more accurate models. Using the zinc finger protein EGR as an e.g. we show that many bindings sites can be obtained efficiently with affinity chromatography-SELEX, but those sequences alone provide a weight matrix model with limited accuracy. Using a QuMFRA assay to determine the quantitative relative affinity for only a subset of the sequences obtained by SELEX leads to a much more accurate model. Application of this method to variants of a transcription factor would allow us to generate a large collection of quantitative data for modeling protein-DNA interactions that could facilitate the determination of recognition codes for different transcription factor families.
INTRODUCTION
Searches of genome sequences for potential transcription factor binding sites (TFBS) typically use some form of weight matrix as the model for the TFBS (1) . Databases, such as TRANSFAC and JASPAR (2, 3) , build the matrices from known binding sites. But if there are few known sites or if the collection of them is biased in any way, the resulting matrix may not be a good representation of the true specificity of the TF. There are a number of experimental methods for studying protein-DNA interactions. For example, one might use yeast the one-hybrid system or ChIP-chip experiments to identify protein-DNA interactions in vivo (4, 5) . DNA microarrays have also been used to determine the specificity of DNA-binding proteins (6) . Probably the most versatile method is SELEX [(7), also referred to as SAAB (8) and CASTing (9) ], in which a purified protein is used to isolate high affinity binding sites through several rounds of in vitro selection and amplification (10) (11) (12) . The power of this method lies in its ability to isolate a small set of specific binding sites from a very large pool of random sequences. One important aspect of a SELEX experiment is how DNA-protein complexes are physically sieved from free DNA. Traditionally, the DNA-protein complexes are separated from free DNA by the gel mobility shift method where the DNA is radiolabeled (7, 10, 11) . In this study, we used affinity chromatography to modify the conventional SELEX procedure to save time and labor. A set of preferred DNA-binding sites for Zif268 (6,10) finger 1 are highly enriched by two-selection rounds, as determined by sequencing only $20 selected products after each round. The weight matrix model determined by the selected DNA sites by the SELEX provides a good initial estimate of the binding preference of the protein. However, to obtain a more accurate model we would either have to sequence many more products (13) or do some quantitative measurements (14) (15) (16) (17) . We further examine the quantitative affinities for some of the selected sites with the QuMFRA assay (15) and used these data to build a quantitative model. Using an independent dataset we compared these two models. The results show that the model derived from the SELEX performed moderately well only for predicting DNA-binding affinities, with the quantitative model significantly improving the prediction performance. The method developed in this study, combining SELEX with quantitative specificity measurements, provides a general and effective method that can be used for any DNA-binding protein even if nothing is known about its specificity.
MATERIALS AND METHODS

Preparation of GST-zif268 fusion
To create GST-Zif268 fusion, the previously constructed pET18a-Zif268 plasmid (17) The fragment of Zif268 was inserted into the pGEX-4T-1 vector (Amersham Pharmacia Biotech) digested with BamH1 and EcoRI. The resulting plasmid pGST-Zif268 was verified by DNA sequencing. Escherichia coli BL21 cells bearing pGST-Zif268 were grown in 2· YT medium at 37 C with constant shaking. Isopropyl-b-Dthiogalactopyranoside (IPTG) was added to a final concentration of 1 mM when OD 600 reached 0.6-1.0. Cells were harvested 3 h after IPTG induction by centrifugation at 4000 r.p.m. (Sorvall SLA-3000 rotor) for 20 min. The pellets were then resuspended in 15 ml of lysis buffer [50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 10 mM DDT and 1 tablet of protease inhibitor cocktail tablets (Roche)] and lysed with sonication. The pellets were then separated by centrifugation at 6000 r.p.m. (Sorvall SS-34 rotor) for 20 min and insoluble material was removed. The GST-fusion was purified with glutathione Sepharose (glutathione SeparoseÔ 4B) chromatography using the procedures as suggested by the manufacturer (Amersham Pharmacia). The GST-Zif268 was eluted with the elution buffer [50 mM Tris (pH 8.0), 0.25 M KCl and 10 mM glutathione]. Elution fractions were analyzed on 12% SDS-PAGE gel, followed by silver staining to determine their purity. Finally, different elution fractions were pooled and dialysed against the dialysis buffer [30 mM Tris-HCl (pH 8.0), 50 mM NaCl and 3 mM DTT] at 4 C, followed by concentration with Amicon Ultra-4 filters (MWCO 5K) and kept at À80 C until usage. The protein concentration was determined with Bio-Rad protein assay kit.
SELEX procedure
The oligonucleotide pool contains a 53 base template strand with the following segments ( Figure 1A ): 6 bases of the wildtype binding site for Zif268 (the positions that interact with fingers 2 and 3); a 4 base randomized region to be selected for sites interacting with finger 1; two fixed sequences of DNA for PCR amplification and with SalI and XbalI restriction sites for cloning into the sequencing vector. Doublestranded DNAs employed for the SELEX experiment were created by PCR amplification. The pooled PCR products were phenol/chloroform treated and separated in a 2% agarose gel to create a pool of 53 bp double-stranded DNA. The DNA concentration was determined with PicoGreen dsDNA quantitation kit (Molecular Probes).
The resultant PCR products ($10 À8 M) were incubated with the purified GST-tagged Zif268 protein ($10 À8 M) in 1· reaction buffer [30 mM Tris-HCl (pH 8.0), 50 mM NaCl, 0.1 mg/ml BSA, 3 mM DTT, 20 mM ZnSO4, salmon sperm DNA 25 mg/ml] with the final volume of 100 ml at room temperature for about 1 h. In order to separate GST-tagged Zif268-DNA complex from free DNA, 20 ml of glutathione Sepharose slurry equilibrated with 1· reaction buffer was added into the reaction. The mixture was kept at room temperature for 1 h. After washing three times with 500 ml of 1· reaction buffer, the glutathione Sepharose slurry bearing bound DNA sites were transferred onto a small column. The column was washed again with 1 ml of 1· reaction buffer. The protein-DNA complexes were eluted with 40 ml of elution buffer [50 mM Tris (pH 8.0), 0.25 M KCl and 10 mM glutathione]. The bound DNAs in the eluted fraction were amplified by the PCR and used for the next round of selection after purification with 2% agarose gel. The entire selection procedure was performed for two times in this study. At the end of each selection cycle, the isolated DNA sites were cut with SalI and XbaI and inserted into pBluscript II KS vectors (Stratagene) digested with the same enzymes. These plasmids were then transformed into E.coli 5Da competent cells. Individual clones were selected for sequencing by a standard dideoxy procedure.
QuMFRA assay to determine the relative binding constants
Fifteen DNA sites obtained from the SELEX procedure were examined to determine their relative binding affinities using QuMFRA assay developed by Man and Stormo (15) with some modifications. Double-stranded oligonucleotide binding sites used in this study were generated by PCR. In each PCR, the plasmid pBluscript bearing selected Zif268 binding sites obtained from the SELEX was used as template. The two primers are KS (TCGAGGTCGACGGTATC) and SK (GTGGCGGCCGCTCTAGAACTAGTGGA). The SK primer was labeled with one of the following three flurophores: FAM, TAMRA or ROX. The PCR products were dissolved in TS buffer [10 mM Tris-HCl (pH 8.0) and 50 mM NaCl] after purification and precipitated with 1/10 vol of 3 M NaAc and an equal volume of isopropanol.
The competitive binding assay was performed by mixing three different fluorophore-labeled DNA-binding sites with a certain amount of GST-tagged Zif268 ($10 À8 M) in 1· reaction buffer [30 mM Tris-HCl (pH 8.0), 50 mM NaCl, 0.1 mg/ml BSA, 3 mM DTT, 20 mM ZnSO4 and poly (dI-dC) 5 mg/ml). The oligo with GGGT in the randomized positions was included in each reaction as the reference site to which all other affinities were compared. The reaction was equilibrated for 1 h at room temperature before being electrophoresed on a 10% polyacrylamide gel. Each of the three fluorophore-labeled PCR products was loaded individually onto the same gel. After electrophoresis, the gels were scanned by a Typhoon Variable Scanner (Molecular Dynamics, Sunnyvale, CA) to obtain the fluorescent intensities of separated bands at three different emission wavelengths using the same machine settings as employed by Man and Stormo (15) . The resultant fluorescence intensities of a separated band for a reaction mixture at emission wavelengths make up the output vectorõ o, the fluorescence intensities of the three individual fluorophore-labeled DNA at three emission wavelengths constitute the emission matrix E. From the output vector and the emission matrix, the intensities of each DNA in a separated band, represented as a vectorx x, were obtained from the relationship E ·x x ¼õ o ð17Þ:
Once the intensities of all three fluorophore-labeled oligos are known for both the bound and unbound fractions, the relative binding constant of a test DNA site in the reaction to the reference binding site can be calculated as follows (15) : 
Sequence logos
The sequence logos were created using the EnoLOGOS program (18) by providing the binding probabilities, or computed weights representing relative free energy of binding, for each base at each position in the sites. All logos were plotted in bits by converting logarithms to base 2.
RESULTS
In vitro selection for binding sites for Zif268 finger 1
To simplify the conventional SELEX method, we utilized an affinity chromatography-SELEX procedure to separate the DNA-protein complex from free DNA. The Zif268 gene was cloned into a pGST vector so as to produce a GST-Zif268 fusion protein. No detectable DNA nonspecific binding to glutathione Sepharose resin allowed us to conduct in vitro selections with GST fusions. Since the tetra-nucleotides designed for in vitro selection of the binding sites of Zif268 finger 1 are fully random, it will provide an unbiased method for selecting the true sequence specific for Zif268 finger 1. Figure 1A shows the initial DNA to be used in the selections, where the x's are positions that are completely randomized, giving rise to a mixture of all 256 different 4 bp long sequences to interact with finger 1 of the GST-Zif268 protein. Figure 1B shows 14 selected binding sites that were sequenced after the first cycle of selection. This first-round shows some selection, for e.g. the strong preference for the base G at the first position, but overall the first-round of selection could not sufficiently identify the preferred DNA sites for Zif268 finger 1. Figure 1C shows 22 selected binding sites obtained after the second-round of selection. Examination of the selection data showed a consensus sequence for Zif268 finger 1 of GCGT in agreement with a previous report (19) . The consistency between these results shows that this simplified procedure, affinity chromatography-SELEX, works well.
Given the collection of selected binding sites in Figure 1 we can estimate their affinities for Zif268 finger 1, under the assumption of an additive model where each position can contribute independently to the total binding free energy. Figure 2A shows the number of each type of base at each specific position in the complete set of 36 binding sites shown in Figure 1B and C. We then convert the frequency alignment matrix into the weight matrix using the method of (20) . These differences are the same as those obtained from the standard log-odds scoring method if we assume the background frequencies of the different bases are all equal (1) . While that assumption is probably valid for the first-round of selection it won't be for the second, but we would need many more sequences from the first-round to accurately estimate those background frequencies, so we use this simplifying assumption. The resultant weight matrix and the sequence logo are represented in Figure 2B and C. The score for any particular site is the sum of matrix values for that site's sequence.
Quantitative DNA specificity of Zif268 finger 1
To test whether the matrix determined from the SELEX data is an accurate predictor of binding energies, and to obtain a better matrix if it is not, we chose 15 of those sequences to perform a QuMFRA assay on. These 15 sequences cover the entire space of possible sequences in the sense that every base occurs at least once at every position in the set (except that our collection is missing any occurrences of A in the first position). The quantitative binding data for that set of sequences is shown in Table 1 , where the sequence GGGT was chosen as the reference. Table 2 renormalizes the same data so that the consensus sequence, GCGT, is assigned as a binding affinity of 100 and the relative affinity of every other sequence is shown compared to that. Column 3 of Table 2 is the natural logarithm of the relative affinity, compared to the consensus site, for each of the other binding sites. Column 4, the SELEX score, shows the score for each site from the weight matrix of Figure 2B . The correlation between the SELEX score and the ln(relative K a ) is 0.60. While this shows a strong relationship between the two measures, it also indicates that there is ample room for improvement in the prediction of binding affinities. Figure 3A shows the weight matrix with the best fit to the quantitative binding data using multiple linear regression (21).
Each weight ( Figure 3A) represents the relative binding energy for each base at the corresponding position. The sequence logo ( Figure 3B ) was created using the EnoLOGOS program (18) where the inputs are the calculated energies as shown in Figure 3A . The score of each binding site by this matrix is shown in column 5 of Table 2 , which has a correlation coefficient of 0.94 with the ln(relative K a ) data. This shows that one can obtain a matrix with a much better fit than using the SELEX data alone, but is not a fair comparison of the two matrices because the quantitative matrix was determined as the best fit to those data. A better comparison is to see how well the two matrices predict the binding affinities to an independent set of binding affinity measurements. Unfortunately there is a no comprehensive collection of affinity measurements for variants of the finger 1 binding site, but there are a few papers that have performed a limited number of quantitative comparisons (17, (22) (23) (24) . Table 3 shows the average (from those four papers) relative binding affinity to eight different variants of the consensus sequence, with changes at one or both of the two central, randomized positions. Columns 3-5 of Table 3 shows the ln(relative K a ) measurements and the scores obtained by the SELEX matrix ( Figure 2B ) and the Each data were obtained from three or more independent examinations, inside of parenthesis are the SDs. The relative affinities (scores) are computed by the sum of weights for specific base across different positions for the particular DNA site. Quantitative matrix ( Figure 3A ). The correlation with the SELEX matrix is 0.54, similar to the value obtained above. The correlation with the Quantitative matrix is 0.77, not as high as on the data for which the matrix was obtained (as expected) but significantly better than the correlation from the SELEX data alone.
DISCUSSION
Knowing the specificity of a TF is essential to locating its binding sites within the genome and mapping the regulatory network of the cell. While databases such as TRANSFAC and JASPAR have weight matrices for several TFs, they are far from complete and their accuracy in predicting new binding sites is often limited. SELEX is a versatile method for determining the specificity of any purified TF, but using the sites obtained by SELEX to model the specificity of a TF can also have limitations. Most SELEX experiments report only a few binding sites which leads to imprecise determination of specificity. SAGE-SELEX (13) makes it efficient to collect many more binding sites for the same amount of effort. But even with a large sample size obtaining an accurate model for the TF's specificity can be difficult due to the biases in the SELEX procedure and the changing input frequencies at each round.
As an alternative to doing a statistical analysis on a large sample one can determine quantitative binding affinities to a smaller sample and then obtain the model that produces the best fit to the data. dsDNA chips that contain binding sites for a TF of interest can be used to obtain quantitative binding data in a relatively high-throughput manner (6) . But to use this method for a protein of unknown specificity one would have to include nearly all possible binding sites on the chip, and for proteins that bind to long sites, such as 20mers, that would be prohibitive. Once a consensus sequence for a TF is known, one can also do a thorough quantitative analysis of many similar sequences to determine the effects of different variations (14) (15) (16) . Once the consensus is known and the sequence variants chosen and synthesized, this approach can also be relatively high-throughput and return very accurate binding affinity measurements. But we think the method demonstrated in this study can obtain accurate binding models for a TF of unknown specificity more efficiently than any previous method. If the specificity of the TF is initially unknown, and even the size of the binding site is not known, SELEX provides a very efficient means of obtaining a good collection of high affinity sites. One would usually start with a randomized region of 20 or more bases, since nearly all TFs bind to sites of that length or shorter. One would sequence about one hundred individual sites, probably from different rounds of SELEX. The SAGE-SELEX method can make that very efficient because about ten sites can be determined from every sequencing read (13) . Standard motif alignment methods are quite good at determining the optimum alignment of SELEX data because, sites are all contained within a relatively short sequence, and from that alignment a consensus sequence is usually obvious. Now one chooses from among the sequences that were selected a subset that 'surround' the consensus sequence with variations of all bases at all positions. For a consensus binding site that is L-long, one needs at least 3L sites for quantitative analysis in order to determine all of the parameters of the weight matrix. In practice 5L-6L sites would provide more confidence in the resulting model and allow for the discovery of any important non-independent interactions in the binding sites. These sequences to be used for quantitative analysis do not need to be synthesized because they already exist in the selected pool. They just need to be 'lifted' from the sequencing vector by PCR, using the fluorescently labeled primers that are used in the QuMFRA. And they do not need to be attached to any chips but instead are used directly in the 'gel-shift' assay. Using four colors, three relative affinity measurements can be obtained for each lane of a gel, so a typical gel with 25 lanes can return up to 75 relative affinity measurements. So even for long sites of about The relative affinities (scores) are computed by the sum of weights for specific base across different positions for the particular DNA site. 20 bases, for which one would like to make quantitative binding measurements for about 100 different sequences, and doing each measurement in duplicate, would only require about three gels. Figure 4 outlines a procedure for applying this approach to determining the 'recognition code' for any TF family of interest (25) . The vertical line is the procedure demonstrated in this study, where SELEX is applied to a specific TF to obtain a collection of binding sites, some of which are then subjected to a QuMFRA assay to determine their relative binding affinities. Modeling methods, such as the multiple regression approach used here or other methods that have been applied previously (26) , can then determine the best specificity model for that TF. Then one would make variations in the TF, specifically altering amino acids that interact directly with the DNA-binding site, and repeat the procedure to obtain an optimum model for that protein. We expect that following such a procedure for any TF family could efficiently obtain sufficient data to develop a reasonably accurate recognition code model for that family. . Strategy for obtaining quantitative data for a family of TFs. For any specific TF the SELEX data followed by the QuMFRA assay will provide the necessary information for a quantitative modeling of its specificity. Then creating variants in the TF sequence and performing the same experimental steps will allow for the development of models in which both the protein sequence and the binding site sequences are variable. Such a model constitutes a 'probabilitistic recognition code' that can be used to predict binding affinities for any combination of binding site and TF sequence from that family (25, 26) .
